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| SUMMARY !2704'

Fentatcorane was used as the fuel for a 48-inch-diameter ram- jet
engine it two brief tests in a free- jet facility. Each test lasted
about S0 seconds, and through the use of fast-response ipstrﬁmentation
and prescheduled fuei-flow varistion provided data on the engine perform-
arce for fuel-air ratios from about G.020 t@ O ™30. The flameholder and
fuel-injector systems were especially designed for use with this fuel.

" Ffc~ both tests the combustcor-inlet temperature was S30° F, the combustor

pressure level was about 1/3 atrosphere, and the combustor-inlet Mach

" pumber was about 0.15. Ccmbustor lengths ot 8 and & feet were used for

the first and second tests, respectively.

The combustion efficiencies determined with the 8-foot -combustor
length decreased from 82 to 84 vercent s¢ the fuel-air ratio increased
from 0.018 to 0.02. The second test, with a 6-foot combustor length,
was carried out with siightly diffcorent £low conditions. The combustion
efficiencies ranged from 86 to 79 percent as the fuel-sir ratic increased
irom 0.020 to 0.03). The specially designed fuel-injector system oper-
ated satisfactorily for both tests with no indication of any clogging qf

INTRODUCTION

" The range of ram-jet veh1cles may be considerably increased by tigh-
energy fuel. Among the fuels showing the greatest promise are  the boron
hy@rides and related compouuds. Pentaborsne, for example, has a heat

" of combustion about 50 percent greater then that of hydrocarhons. Anoth-

er advantage of these fuels is their very great reactivity, implying an

‘increased combustion efficiency at conditions where the combustion of

hydrogarbcns becomes difficult.. Accordingly, the NACA has instituted a
generel program for the study of the problems of using these fuels in
full-scale turbo et and ram~Jet enginea. : .
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Previous investigations carried out by the WACA with periabcrsne
and analogous fuels are surmarized in reference 1. Data reiavant to
rum-jet appiications are not extensive. A scries of tests in a
‘connected-pipe facility {ref. 2) evolved_a fuel-irjector and flamzhoider
system %ater used in f£light tests of a 9% inch-diameter ram iet (refs.

3 and 4).

The present report outlines twec brief tests using pentaborane 3s
fuel ir a 48-inch-diameter ram-jet engine. The tests were conducted in
a free-jet facility at the NACA iewis laboratory. Pentaborane was
* chosen not as an ideal high-energy fuel, odut as ar wveilable representa-
tive of a class. The program was intended to determine the combustion
efficiency of such a high-energy fuel in a full-scale engine and also
to evaluate the fuel-injector and flameholder system especially designed
for the 48-inch-diameter engine.

The tests reported herein were conducted with an engine air flow of
about 40 pounds per second entering the combustor at a pressure of about
71/3 atwmosphere and at a temperature of 530° F. This corresponds tou a
Tlight altitude of-80,000 Yeet and a flight Mach number of 2.75. Two
tests were made to determine combustor performance, one with a combustor
8 feet long and a second with a six-foot length. The fuel-air ratio was
varied from approximately 0.020 to 0.030 and fuel availability limited
the runs to about, 60 seconds each. Total fuel used was about 1iQ pouzds.

Quantities metered during edch test included engi .e air flow, fuel-
flow rate, combustor-inlet &nd -cutlet total pressures. From these
- measursgents combustion efficiencies and combustor pressure drops Were
celculated.

FUEL ' -

Pentaborane Hg is a ‘volatile liquid of moderately low density
vhich bas a heating value about 50 percent greater than that of hydro-
carbon fuels. Its properties are sumarized as follows:

. Bodling point, OF . . . . . . e i i i e i e i e it e e e . .. 180
Freezing point, °F . . . . . . . . ¢ ¢ ¢ ;s « + v 4 e e e .o .. .. =52
Specific gravity . . O -1
Heat of combustion, Btu/ib e e e e e e e e e e e e . . 29,130

Spontaneous-ignition temperature, °F . . . . . . . . . . . . ... 116
Stoichiometric fuel-air ratio T 0.07635 -

o The spontaneoue-ignitibn temperature of pentaborane depends
strongly,on the test condicions. Tests have- shown that in a flowing
stream, vifh time lags of dess than 20 milliseconds, temperatures Of
about 630° F were requirlﬁ (rer.5). The presence of a flameholue* in

" . the atream sharply redueqﬂ this value.
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Pentaborane is als> subject to thermal decomposition. The rate of
formaticen of nonvolatile decomposition products can be appreciable even
at moderate temperatures (ref. €). The fuel is extremely toxic, con-
centrations of as little as one part per million being considered haz-
ardous. (See appendix A.)

APPARATUS
Engine Shell

A The 4B8-inch-diameter engine in which these tests were conducted is
shown in figures 1 and 2. The engine shell, the exhaust nozzle, and
the supersonic diffuser were substantially identical with those previ-
ously used for work with hydrocarbon fuels (refs. 7 and 8). The super-
sonic diffuser {not shown) delivered an air stream of asymmetrically
nonuniform profile. In order to rectify this situation, a ‘half sereen
blocking 25 percent of the (half) area was installed in the diffuser
(figs. 1 and 2). : T

The diffuser discharged into a ccnical secticnvin which the fuel ..

.injectors and the flameholder were mounted. The cylirdrical porticn of
‘the combustion chamber was 5 feet long for the first test. For the

second test it was replaced by a 3-foot section. Thus, the distance
from the fuel injectors tc the exhaust-nozzle throat, hereinafter
referred to as the combustor length, was 8 feet for the first test, 6
feet for the second. The convergent-divergent exhaust nozzle had a
throat area of 54.5 percent of the combustion-chamber cross section.
Both the exhaust nozzle and the cylindrical sections were provided with

water-cooling. In order to obtain data on the isothermal drag of the com-

bustor, a motor-operated clamshell was attached to the exhaust nozzle.

Flameholder and Fuel-Injector System

The flameholder and fuel-injector system designed for the tests
reported herein is shown mounted in the engine in figures 1 and 2. The
fuel was injected through 40 simple orifices located in sixteen radial
spray bars as shown in figure 3. These bars were located near the up-
stream end of the conical section where the higher air velocity could

contribute to a more rapid atomization and mixing of the fuel and could

also reduce the probability of the flame becoming seated on the fuel
injectors. The direction of the spray was normal to the axis of the
(slanted) radial bare, but rotated about 30° downstream from the posi-
tion normal to the air flow. To avoid thermal decomposition of the
pentaborane fuel, the spray bars were constructed with a double wall
(fig. 3(c)) with a layer of insulation reducing the rate of heat

transfer.
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: The manifoid supplying the bars was loucated within the apex of the
: flameholding gutter and, like the bars, was shieided from the flame and
the hot air stream by insulation as shown in figure 1. -

An annular bvaffle flameholder was located near the wall of the
conical section. Though probably not necessary for stabilization of
: the pentaborare flame (ref. 2), it did serve to shield +he uncooled
i : conical section of the engine and also tended to reduce flow separation
or stagnation in the region where mixing of fuel and air occurred. A
capacitor-discharge spark igniter (3 joules) was located in the annular
baffle.

Fuel Systém

“The pentaborane fuel system used is sketched in figure 4. The

- large tank containing pentaborane was pressurized with helium to about

600 pounds per square inch gage. The other, containing dried JP-5 fuel -
& which was used to precede and follow the pentaborane, was pressurized
" to about 630 pounds per square inci gage. Elther tank cculd be drawn
from by the activation of the remote-operated valves. The pentaborane
line: vas equipped with two such vilves, for greater safety. Both were
pneumatically actuated, with solenoids controlling the actuating air.
The smaller tank contained dry JP-5 fuel and was used for final purging
: - . of the system. The flow of fuel (either pentaborane or JP-5) was con-
{ } trolled by a hydraulically positioned, variasble-area valve. This
| throttling valve vas conniected in series with a reducing valve in s-ch
‘ a way that the pressure drop across the throttling valve remalned nearly
1 constant (characteristics of this type of valve are given in ref. 9).
Thus the mass-flow rate of a given fuel was a linear function of the
. valve area, or position.. TIn additici, the va..e followed a scheduling
.‘ . signal with speed ané precision. The tubing through which the fuel
- flowed vas of minimum size, so that the amount of fuel stored therein

during the run was small : v

R S

i

PR

Instrumentatjon

-

.. The electrical signals from the 1ast-reanonse instrumentation were
continuously recorded by three instruments, one a pen and moving chart
type, the others recoxrding oscillographe. _

The fuel-flow rate was measured through the use of two positive-
displacement electronic flowmeters, one of which was connected to a
self-balancing potentiometer for monitoring purposes. The pressure of
?he fue% entering the manifold was recorded from pressure transducers

rig. 4). - ‘
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The total pressure and temperature of the air entering the free-
Jet nozzle were measured by means of munometers and tnermocouples.
Within the engine, the total pressure was measured at two stations
(fige. 1 and 5). The diffuser-outlet total pressure Pz was deter-
mined from a 48-point survey by means of manometers. Three pressure
transducers were connenst:d to ctetic +apr 2t this station Lo provide
a more rapid response. At the combustor outlet, sta.ion 6, a 386-point
survey weos used. Twenty-four points were connected to a manometer
system and the other twelve were connected to pressure transducers.
The manometer system was. especially constructed to minimize the time
lag. The readings from all manometers were recorded photographically
at intervals of about two seconds during the tests. A periscope
located downstream of the engine afforded a view.of the combusiion
chamber through the exhaust nozzle.

PROCEDURE

The fuel-flow control valve was fed a positioning signal of trap-
ezoid wave furm as shown:

Fuel-valve OQpen JP-5 fyel on JP-5 fuel off ' Fentaborane off

Pentaborane A”’s fuel on
on
L 1 1 . | i i i l L

“position

o 10 20 30 - 4C S0 55 60 70 80 9¢ 100 110 120

Time, sec

3Thus, for about 30 seconds, the flow would remain steady at the minimum

value. It would then increase.linearly with time for about ten seconds

until it reached the maximum value, hold this flow rate for another ten -

seconds, decrease linearly with time to its original value and repeat
the cycle. In +be actual test sequence, the lead fuel (dry JP-5) was
turned on at the midpoint of the high plateau. This fuel served to.
cool the fuel lin2s and injectors and also removed any air present in
the system. The lead fuel was permitted to flow until about the mid-
point of the low plateau, when the remote-operatedi valves were actuated
to simultanecusly shut off the lead fuzl and to turn on the pentaborane.
As the pentaborane reached the engine, it was ignited. When the fuel
flow again reached the minimum value, a few seconds were allowed for the
instruments to attain equilibrium, and the pentaborane wae shat off.
Simultaneously the lead fuel was turned on to purge out the pentaborane
remaining in the lines. Thus the sctual burning time extended beyond -
the nominal run Quration while the residual fuel in the lines was
expelled. :

Lo
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In reducing the data, the readings from the pressure transducers
were used throughout. The manometer readings were used only to cali-
brate the pressure transducers at the high- and the low~pressure
plateaus.

RESULTS AND DISCUSSION

For the first test with the combustor length of 8 feet the englne
air flow was about 40 pounds per second at ar inlet temperature of
530° F. Figure 6 presents the time variation of relevant parameters.
(Zerc time corresponds to ‘the time at which the valves were actuated to
admit pentaborane to the fuel lines.) The fuel-cir ratio followed the
prescheduled trapezoid wave form, fror & minimum of about 0.018 to a
maximum. of 0.029. The combustor-outl~t total pressure ranged from 5SSO
to €45 pounds per square foot absolute. The total-pressure ratio across
the combustor (inclucing the flow-straightening screen) varied from
0.80 to 0.325 as the inlet Mach number decreased from 0.15 to. 0.14.
The combustion efficiency reached a maximum of about 89 percent at the
low fuel-air ratio ard decreased to about 84 percent as the fluel flow
increased.

For the second test, the combustor length was 6 feet. Coincident
with engine ignition, the supersonic flow through the free-jet nozzle
became disestablished - a fact which was not immediately noted. As a
- resulc, the air flow tbhrough the engine dropped and quite possibly
fluctuated with time at least for a few seconds. In addition, *the flow
profile at the diffuscr outlet became more uniform. As previously

" mentioned, the loss of supersonic flow occurred at or about the moment

at which the engine started, as 'shown by both the pressure transducers:
and the photographs of the manometers. However, the resultant fluc-
tuations in engine air flow may have persisted ‘or an arbitrary length
of time. The efficiencies calculated on the assumption of steady though
reduced air flow (sse appendix B) exhibit variations at a given value

of fuel-air ratio which can best be explained by assuming that the
engine air flow did rot attain its new steady value until about 16 sec-
onds after ignition. Using the method outlined in appendix B, the air
flow was determined to be about 36 pounde per second, at least during
the latter half of the test.

The variatiou of relevant parameters vith time is shown for tke
second test on figure 7. The fuel-air ratic varied from 0.021 to 0.030;
the combustor-outlet total pressure ranged from 545 to 590 pounds per
square foot abaolute. Across the combustor, the total-pressure ratio
increased from 0.815 to O. 850 as the combustor-inlet Mach number de-

- creaged from 0.154 to 0.148. The combustion efficiency reached a nax-
imum of about 86 percent at the low fuel-air ratio and decreased to
approximately 79 percent at the richest fuel—air ratio.

i}
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Combustion Performance
Combustion efficiency. - The combustinn efficiencies are shown in

figure 8 as furctions of engine fuel-alr ratio for the first and second
tests. For the first test, the combustion efficiency seems unaffected
by fuel-air ratio for values abcve about 0.022% but increases from 84

tn R2 percent as the fuel-air ratio is decreased to 0.018. For the
~econd test, the decrease of efficiency with increasing fuel-air ratio
~eems to continue at least as far as the data extend, decreasing from
8¢ percent at a fuel-eir ratio of $0.021 tn 72 percent at a fuel-air

"ratio of 0.030. The scatter of data points for the second run may be

attributed to fluctuating air flow during the eariy portion of the run
(see zppendix B). At the higher fuel-air ratios the efficiencies obtained
from the second test are somewhat lower than those cbtained from the
first test. This small difference (about S percent at high fuel-air
ratios) should not be attributed solely to the reduction in combustor
length. The reduction in combustor pressure might be a factor. Further-

more (as noted in appendix A), the methcd used to calculate the engine

air flow was concervative. An error of about 2 percent in the c¢ dcu-
lated air flcw would be sufficient tc change the combustion-etficiency
values by 5 percent. The efficiencies presented are the lowest that
could be reasonably calculated from the data. )

Comparlson of the combusil n performance obtained in the first test
with tne performaace of a hydrocarbon-fueled unit in a similar engine
shell (ref. 6) shows that an equivalent engine-outlet total pressure
(roughly an eguivalent thrust) can be obtained with pentaborane flow
rates from 61 to 79 vercent of the hydrocarbon flov rates. The greater
gains appear at the lower fuel-air ratios where the hydrocarbon corbus-
tor had efficiencies of about 83 percent. In any event, the data indicate
a substantial decrease in the specific fuel consumption for the engline.

The heat reJected to the water-cooled combustor wells (ususlly
included in the combustion efficiencies calculated (see refs. 7 and 8))
is not included in the combustion efficiencies presented herein. Such
data could not be obtained with any precisicn because of the short
duration of the tests and the large thermal inertia of the system. A
single datum obtained during the first test indicated that the magnitude
of the heat rejec:ion was about 2 percent of the total heat input. This
value is' in géneral ngreement with the results from hydrocurbon tests
where from 1 to 3 percent of the heat was rejected.

Combustor prescure loss. - The total-pressure ratio acruss the com-
bustor is plotted as a function of combustor-inlet Mach number in figure
9, For tlue first test the ratio varied between 0.80 and 0.825 as the
inlet Mach number decreased from 0.155 to 0.142. The points obtained
wpnile the fuel flow was increasing showed a higher ratio than those on

the decreasing ramp, possibly because of the shifting velocity profiles
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in the supersonic diffuser. For the secord test, the data are more con-
sistent and show a sharper effect of Mach number. Tre total-pressure
ratio ranges from 0.815 to 0.855 with Mach number variation between
0.154 and 0.148. The reduced loss, as well as the increased slope of
the curve, may be due to the flatter velocity profile entering the com..
bustor in the seconc test.

The magnitide of tctal-pressure losc seems rather large, especial-
ly in view of th2 minimum obstructicn offered by the fuel-injector and
flameholder tc the gas flow. The loss can be broken down Iintc three
components: (1) the loss across the flow-straightening screen; (2) the
drag of the fa€l injector ani flameholder, and (3) the momentum p: essure
loss resulting from the heat release. Figure 9(a) also shows the total-
pressure ratio across the combustor (including the screen) for isothermal
flow. The difference between this curve and that for the first test
may be attributed to the momentum pressure loss. This difference
amounts to 7 o 8 percent, indicating that the pentaborane was burning
in a high-velocity air stream, that is, near the fuel injectors. Cal-
culations show that a momentum pressure loss of not more than 5 percent
would result if the air stream were fully diffr<ed before combustion
started. The pressure loss across the flameholder and fuel injectors
is probably no more than half tke tctal isothermal loss, which ranges
from 0,10 to 0.1 for burner-inlet Mach numbers of 0.144 to 0.156. This
premise is substantiated by earlier unpublished data with a similar
screen blocking of only 20 percent of the (half) area, which indicated
the total-pressure loss acros~ the screen was approximately 7 percent
at conditions corresponding to those discussed herein.

Ignition

The pentabcrane fuel was expected to ignite spontaneously at the
test conditions investigated. In “he first test, however, no ignition
occurred in the first 11 seconds after the valves were energized to admit
pentaborane to the fuel system. The spark ignitor was then turned on
to avoid a waste of fuel and also & possibly hazardous accunalation of
unrercted pentaborane in the exhaust system. An examinaticn of the
oscillograph record indicated that ignition ocrurred at approximately
the same time as the first spark (within one or two tenths of a second). .
For the second test, the ignition system was energized before the
pentaborane reached the engine. Nevertheless, a time lag equivalent to
that of the first run was observed before the fuel ignited. Thils delay
time, about 12 seconds, considerably exceeds the time required for the
pentaborane to fill the fuel lines at the initial flow rate. The dis-
crepancy is substantial aud probably results from sluggish action of
the solenoid-triggered, pneumatically driven valves. In view of the
identity between the times required f~r ignition in the two tests, no
positive conclusion can be reached as to whether the pentaboreane would

Drmpmans: e
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ignite spontaneously ateithe-test conditions. Previous data (ref. 5)
indicated that the spontanecus ignition of pentaborane depended very
strongly on the presence of recirculation and was also a function of
tne local fuel-alr ratio. In the present case, recirculation must
certainly have been present in the annular gutter, but the local fuel-
air ratio in this region may have been considerably less taan stoichi-
ometric even at the ri~hest locations.

Cxide Deposits

Deposits of boron oxide were found on the water-cooled pressure
rakes, combustor walls. and exhaust nozzle after each test. These
deposits were white and moderately soft, their thickness ranged from
nearly zero on the nozzle and lines to as much as 3/8 incu on the
water-cooled rakes, as shown by the photograph of the engine after the
test (fig. 10). Considering the brevity of ihe test cycle, no ext.ap-
olaticn should bte made concerning th= magnitude of the ¢ :posit problem.
The oxide deposits were uoticeably iiegligible on the thin strip of
uncooled metal at the nozzle outlet.

Fuel-Injector Performance

The frel injertor functioned satisfactoriiy, with no indicaticn of
elther overheating or spray-orifice plugging during the brief tests. A
somevhat greater Injection pressure was required than had been cal-zu-
lated for the pentaborane, implying that a greater number of spray ori-
fices could have been used.

SUMMARY CF RESULTS

The two brief tests of pentaborane fuel in a 48-inch-diameter ram-
Jet engine in a free-Jjet facility ssve the Tollowing results:

1. Combustion efficiencies of from 80 to 89 percent were obtained .
at combustor-inlet pressures of about. 1/3 atmosphere. The maximum
efficlency occurred 2t the minimum fuel-air ratlo, 0.018.

2. Although the iwo tests which were to show the effect of combus-
tor length were not strictly comparable, the Zdecrease in efficlency
accompa~ying a reductiou from 8- to 6-foot combustor length was less “‘han
5 percent.
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3. For the 8-foot combustor, the total-pressure ratio across the
combustor, including a flow-straightening screen, was between 0.80 and
2.825. At similar flow conditions without combustion, the ratio was
from C. 87 to 0.90.

4. The fuel-injector and flameholder system designed for these
tests performed adequately with no deterioration or piugging noted.

Levis Flight Propulsion Laboratory °
National Advisory Committee for Aeronautics
Cleveland, Ohio, Decemmber 2, 1955
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APPENDIX A

TOXIC~VAPOR HAZARL

During and immediately after each test, the areas of the fuel stand,
the control room, and the exhaust lines were monitored using hand-
operated air-sampling devices equipped with a reagent especially sensi-
tive to pentaborane. Immediately after the first test, strong concen-
trations were detected mear the duct carrying the exhaust products to
the discharge stack. Since the pressure in this duct was, of necessity,
somewhat above atmospheric, probably a small leakage of exhaust prod-
uctc was directly responsible for this contamination. In additionm,

~ upon depressurizing of the pentaborene supply tank (the helium being

vented into a drum conteining a mixture of acetone and alcohol) traces
of pentaborane were detected throughout the building. The remainder of
the necessary data was taken by operators in gas masks. The traces of
pentcborane remained detectable for about .4 hours. The contamination
was thought to arise from two sources. The greater than anticipated
time lag before ignition may:-have permitted some raw fuel to flow
through the system, this fuel then escaping through slight leaks in the-
exhaust ducting. The traces detected near the control room and the fuel
stand were thought to result from excessively rapld depressurization

. of ‘the pentaborane tank, giving the traces of fuel vapor in the heiium

too little time t0 react with the neutralizing solution. Therefore,
for ‘the second test, the spark ignition was energized coincident with
the energizing of the pentaborane fuel valve. In additlon, a modified
operation of the facility was employed which permitted a water  spray to
be used ahead of the exheusters. The venuing arrangement was also
changed to better distribute the gas under the liquid surface, and a
water sprinkler was employed to spray over the drum in order to aid in
the elimination of any traces that might escape.

Even with the added precautions 4races of- pentaborane in the vicin-
ity of the exhaust ducting were detected after the second test, although -
at random time intervals and in varying concentrations. In the control
room and throughout the -immediate enviromment of the test cell, only a -
few sublethal traces werw found y
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APPENDIX B

ATR-FLOW CAICULATIONS
irst Test

For the first test, the engine air flow was computed from the equation

v, = kPo/-/Tq Q1)
where

Wy  engine air flow, lb/sec

: Pl total pressure, lb/sq ft abs
T total temperature, °R

k 'constant reflecting diffuser capture area, determined from earlier
calibrations

and the subscript O refers to conditions upstream of the free-jet
no~zle. ’

3}

Seéond Test .

For the second test, the air flow could not be calculated fron the
previous velation, since the supersonic flow was disestablished coinei-
dent with engine ignition. Therefore, & more roundabout procedure was

_employed. First it was established that the engine air flow remained
constant with varying diffuser pressure recovery. Then the actual value
of the engine air flow was determined for the isothermal flow immediately
following the test. The fact that the air flow was independent of d4if-
fuser pressure recovery was verified by using the total and static pres-
sures at the diffuser outlet (station 3). An engine air flow was cal-

. culated for points on the high- and on the low-pressure plateaus of the

test by means of the following equation:

Vg,3 = AS-V%TE-;- Z P:I.Mi‘\]l + .(l:_?.M.z) (2)

Az duct area at station 3, sq ft

where

g acceleration due to gravity, 32.2 rt/secz

.
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My Mach number &t a survey point
p static pressure, lb/sq ft
K gas constant for air, 53.3
'I‘.-5 total temperature of air, °R
¥a,3 8ir flow determined at station 3, 1b/sec.
Y raiio of specific heats

Although these numerical values were not a good measure of the
actual engine air flow, the fact that they remained constant with chang-
ing engine pressure was taken to indicate a similarly constant air flow.

The actual engine alr flcw wvas then determined from the tot&l pres-
sures at the combustor outlet (station 6) with isothermal flow before
and after the test. The total-pressure profiles for the two cases are

~shown in figure 11. The term r 1in the abscissa represents the radius

at whichk a pressure was measured; and r_.;y 1is the radius of the nozzle

at this station. Before the flow breakdown the total-pressure ratio
across the exhaust nozzie using the area average at station 6 was about
1.43; after breakdown, 1.30. The shape of the profiles is similar.
Assuming, then, that the mass flow through the nozzle would be propor-
tional to the area-averaged total pressure, a value was obtsained for the
test conditions by use of the following equation:

wa + wp = (v + vp)(PE/Pg) (3)
wnere ’
LA engine-aiy flow
we fuel (JP-5) flow |
P6 ‘average total preséure entering the nozzle

The primes indicate values after flow breakdown, and symbols without
primes indicate conditions before flow breakdown, where wg is -
given by eauation {1)}. The fuel flows are included because the data

- were taken with lead fuel (JP-5) flowing (but not burning).

This value of air flow (w} frop eq. (3)) was then used in comput-

ing combustion efficiencies, The assumptions used were such that, if
the actual engine air flow differed from that calculated, the actual
flow would be the smaller. The reduction in pressure ratio across the
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exhaust nozzle could only reduce the discharge coefficient; the higher
combustor pressures during burning could only reduce the air flow. Any
error. %then, would mean that the comtustion efficiencies calculated
would Ye too low, because the heat-release rate must have been higher
if less air were flowing.

COMBUSTION EFFICIENCY

The combustion efficiency was defined as the ratio of fuel flow
ideally required to give the measured exhaust-rozzle total pressure to
that actually used. A curve of ideal fuel-air ratio as a function of
exhaust-nozzle total-pressure was prepared in the following manner:

The convergent-divergeunt exhaust nozzle was assumed to have a discharge
coefficient of 0.99, as in references 6 and 7. At the throat of the
nozzle the gas was assumed to be traveling at sonic velocity and to be
uniform in préssure and temperature. The 1liquid boron oxide particles
were assumed to be at all times in equilibrium with the surrounding
fluid, so that the composition of the gas corresponded to the equilib-
rium composition at the existing static pressure and temperature. Then,
for a given fuel-air ratio, the static temperature and pressure at the
throat were calculated by an iterative method using the curves for x
(fraction of nongaseous oxide), R (gas constant), and 1 (specific
heats ratioc) and the calculation methods given in reference 3. From

v and the static pressure, the total Tressure was calculated.
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